This paper discusses the usage of settling column tests, full-scale stress tests, and whole-plant simulators as planning tools to assess the ultimate treatment plant capacity as well as impacts of process changes to effluent quality, process performance, side streams, and biosolids production rates. These planning tools are described in detail and the results of their implementation are presented for the two pure-oxygen activated sludge plants in San Francisco, California.
INTRODUCTION
The City and County of San Francisco (City) has embarked on a thirty-year Master Plan to plot the future course of wastewater treatment in the City. This necessarily involves assessments of the future of the City's two secondary treatment plants -Southeast Water Pollution Control Plant (SEP) and Oceanside Water Pollution Control Plant (OSP). One goal of the Master Plan is to assess the treatment capacities of these two plants. BioWin, a biological process simulator has been chosen to work side by side with the full-scale plant studies to achieve this goal. The work detailed in this memorandum is based on the Water Environment Research Foundation (WERF) document, "Protocols for Evaluating Secondary Clarifier Performance" (WERF, 2001 ).
Both SEP and OSP are pure oxygen activated sludge plants. OSP treats flow from the western side of the City and has a design secondary treatment capacity of 43 MGD, with room for primary treatment of an additional 22 MGD. SEP treats wastewater from the eastern side of the City, providing 100 MGD of primary treatment and 150 MGD of secondary treatment. At the time of this analysis, SEP, unlike OSP, had implemented anaerobic selectors, which has greatly aided in improving sludge settleablity. Features of both plants are listed in Table 1 . 
MATERIALS AND METHODS

Sludge Settling and Clarifier Stress Test
The settling columns (Figure 1 ), used to calculate the settling velocity of the plant sludge, were constructed of cast acrylic tubes; these tubes were approximately eight feet tall and nine inches in diameter. The columns were outfitted with a drain at the bottom through which either the contents could be emptied or a sample could be extracted. Thin paddles were installed and attached to a motor, allowing them to turn slowly (approximately 1 rpm), thereby reducing wall effects within the columns. To provide air for gentle mixing, a regulator was installed on a plant air line, and flexible tubing was run from the regulator to the columns. Air stones at the end of the tubing allowed for more diffuse bubbling, which provided gentle mixing to the columns without breaking up the floc.
In order to test settling at different solids concentrations, a test run protocol was established, providing mixtures of mixed liquor suspended solids (MLSS), return activated sludge (RAS), and final effluent that would span a range of total suspended solids (TSS) values. For OSP, the TSS target values of the mixtures ranged from 1,000 to 8,000 mg/L. For SEP, the values ranged from 1,000 to 15,000 mg/L. The procedure for the settling column tests is as follows. A tape measure was attached to the side of each of the two columns. The column was filled with a mixture of RAS, mixed liquor, and/or secondary (unchlorinated) effluent. Air mixing was turned on for five minutes, at the end of which time a sample was gathered. At OSP, the samples were collected using the drain at the bottom of the column. At SEP, samples from the columns were extracted using a small zone sampler dropped into the column immediately after cessation of the air mixing. While the port was simpler to use, it also allowed for the possibility of cross contamination between samples unless a sufficient volume of sample was flushed through the port. All samples were placed in a pre-chilled, insulated cooler. The air line was then removed from the column and the mixing paddles were turned on at a speed of 1 rpm. As soon as the mixing paddles were turned on, the experiment was begun, with measurements of the settling interface height recorded every minute. Measurements were recorded for a minimum of thirty minutes and no more than forty-five minutes.
Interface height was plotted as a function of time for all test runs. The slope of the linear portion of these plots is the initial settling velocity. The initial settling velocity could then be paired with the analytical TSS results for each test run (Table 2 ). The natural log of these velocities was then plotted against TSS in order to extract the Vesilind coefficients (WERF 2001) . Once the Vesilind coefficients were found, fluxes at different TSS concentrations were determined, using the Vesilind equation. The resulting flux curves were used in a state point analysis that allowed the setup of the experimental parameters for the full-scale clarifier stress test.
For the stress test, sampling and observations involved sludge judging, turbidity monitoring, TSS monitoring, and solids sampling and analysis. TSS was measured using a portable TSS meter, which was submerged in the mixed liquor channel upstream of the secondary clarifiers. Turbidity was measured by collecting a grab sample from the secondary effluent channel; the sample was analyzed using either a portable turbidimeter. Sludge blanket level was measured using a standard sludge judge. Periodic grab samples were taken from the effluent end (near the weir) of each clarifier. These samples were analyzed for turbidity and TSS. This allowed researchers to track whether one clarifier was more "stressed" than the others.
Additional samples were collected and analyzed for TSS. These samples are known as DSS in , DSS eff , ESS, and FSS. Definitions of each sample can be found elsewhere (WERF 2001) . By comparing their values relative to one another, one can determine whether the clarifiers have sufficient flocculation and settling time. The samples for DSS in , DSS eff , and ESS were collected using a 4.2 L Kemmerer sampler and were collected twice daily.
BioWin™ Modeling
Concurrent with the stress testing at both plants, work was begun on a process model for each plant. The goal of this effort was to compare the predictions of the full-scale work described above with the model predictions. The model selected was BioWin TM , a biological process model that merges both activated sludge and anaerobic biological processes. The model can be built with unit processes and is capable of simulating the plant treatment process based on required influent inputs, which include plant influent parameters and recommended COD influent fraction. The BioWin™ simulator includes two modules, a steady state simulation and a dynamic simulation. The steady state simulation analyzes systems based on constant influent loadings or flow-weighted averages of time-varying inputs. In this, it's able to present an overview of the treatment process. The dynamic simulator allows the user to operate and manipulate the treatment system in order to analyze the system response when subjected to timevarying inputs or changes in operating strategy.
In order to derive accurate data to input into the Biowin TM model, an extensive dry-weather sampling program was conducted at OSP in May and June 2005. The original plan was to collect three flow-paced "composite" samples during normal weekday operations, one hourly "diurnal" sample during weekday operations and a second hourly "diurnal" sample during weekend operations. Analyses undertaken are listed in Table 2 . Three composite sample events were scheduled to be "fractionated" (i.e., filtered and/or flocculated through the series of membranes to estimate the colloidal and soluble fractions). This same plan was followed at SEP in September and October of 2005. Composite samples: ISCO samples capable of being programmed over a 24 hour period were used to collect calculated flow-paced samples. Samplers were placed to collect the influent flow directly from the influent channel upstream of the fine bar screens, the primary effluent flow directly from the effluent channel, and secondary effluent from the trough of the secondary effluent sampler.
Diurnal samples: ISCO samplers capable of sampling equal aliquots were programmed so that each hourly sample was delivered to a unique Nalgene sample bottle and samples were collected at equal hourly intervals throughout the sampling day. ISCO samplers were installed at the three locations described above.
Samples of Mixed Liquor (ML), RAS, Primary Sludge (PS), Thickened Primary & Waste Activated Sludge (TPAS), Gravity Belt Filtrate, Dewatered Biosolids (Cake) and Belt Press Filtrate were collected at three equal intervals through the day and evening and composited by mixing equal aliquots of each sampling event. These hand-composited samples were collected as part of both the Composite and Diurnal sampling days. At SEP, the only difference was that samples were taken of centrate (instead of belt press filtrate) and two additional recycle streams (pumped plant recycle and plant recycle) were sampled. Select results of the special sampling events for OSP and SEP are detailed in Tables 3 and 4 . The Biowin TM model layout was constructed as shown below in Figure 2 using the configuration elements provided in the program. The required infrastructure and process inputs are specified for each configuration element along with some process assumptions. The steady state model was developed with constant influent inputs that were obtained from the special sampling events and actual plant dry weather average value, as detailed in Table 5 . The recommended Biowin TM input variables for COD (calculated by the special sampling results) along with a few other important input variables are detailed in Table 6 . The most important part of simulating an activated sludge system is the wastewater characterization. Chemical oxygen demand (COD) is used to indirectly measure the amount of organic pollutants in the wastewater. By imputting the data from the fractionated samples, the model is able to simulate the biological conditions in the plant based on the biodegradable and inert fractions in the influent.
RESULTS AND DISCUSSION
Settling Column Tests
The results of the settling column tests at both plants are summarized in Table 7 . The velocities are based on the linear portion of the settling curve derived from the settling column experiments. The natural log of these initial settling velocities was plotted against the corresponding TSS values in the table. This allowed for extraction of the Vesilind coefficients, summarized in Table 8 . Settling velocities were then calculated for TSS values ranging from 1 to 11 g/L (1,000 to 11,000 mg/L), using the Vesilind equations. The resulting flux generated from these calculated velocities is shown as Figure 3 . For the OSP state point analysis, additional flux plots were generated at SVIs of 300, 350, and 400. For SEP, theoretical flux plots were generated for comparison at an SVI of 112.
State Point Analysis
State point curves were generated for average and maximum flows for the hypothetical cases of five clarifiers on line and four clarifiers on line. 90% of the available clarifier area was used in the analysis, in order to account for dead space and other inefficiencies in the clarifier and center well area. The overflow rate, state point, and underflow rate were also plotted. An identical process was followed for SEP, but with hypothetical scenarios of eight and four clarifiers on line.
Other key conditions of the state point analyses for the two plants are detailed in Table 9 . underloaded for the underflow rates associated with a RAS concentration of 6000 mg/L at the average flow condition. A clarifier is overloaded with respect to thickening if the underflow rate operating line passes above the descending limb of the settling flux curve. This can be seen on Figure 4 for a RAS concentration of 7000 mg/L at the maximum flow condition. Provided the peak flows are of short duration, as they are at OSP, this condition will result in the development of a sludge blanket, but not in a clarifier upset. The clarifier is considered critically loaded with respect to thickening if the underflow rate operating line is just tangent to the settling flux curve. This is demonstrated in Figure 4 for the underflow rate associated with a RAS concentration of 7000 mg/L and the flux plot for an SVI of 400. Figure 4 therefore demonstrates that in most cases the clarifiers will be underloaded at average flows. Clearly, if the SVI were to go much above 400, there exists the potential for a critically loaded or overloaded condition. At maximum or peak flows, the clarifiers will be overloaded with respect to thickening for SVIs greater than 350. Since peaks are short-lived at OSP, this means there will be some development of a sludge blanket in the clarifiers, but the clarifiers are not expected to fail. Figure 5 , the state point analysis for four clarifiers on line, indicates that for RAS values less than 6000 mg/L and SVIs less than or equal to 350, the clarifiers will be underloaded with respect to thickening at average flows. For the situation in which RAS values are between 6000 and 7000 mg/L, the clarifiers will be overloaded for SVIs greater than 400. For SVIs under 400, the clarifiers will be underloaded at a RAS value of 6000 mg/L. For a RAS value of 7000 mg/L, the clarifiers are underloaded for SVIs less than or equal to 350. The maximum flow scenario indicates a situation in which the clarifiers will be overloaded in most cases. If the SVI at OSP were to drop considerably, it is possible that there would be a case for which the clarifiers would be critically loaded or underloaded. 
SEP State Point Analysis
For SEP, state point curves were generated for average and maximum flows for the hypothetical cases of eight and four clarifiers on line (instead of the typical sixteen). These are presented as Figures 6 and 7. Figure 6 shows the state point analyses for the average and maximum flow cases with eight clarifiers on line, respectively. These analyses indicate that the clarifiers will be underloaded at all practical RAS concentrations. Stable operation is therefore assumed for the eight clarifier stress test. Figure 7 indicates that for RAS values of 9,000 mg/L or less, the four clarifiers on line will still be underloaded with respect to thickening at average flows. For an SVI of 112, the clarifiers will be overloaded and would likely fail at RAS values at or above 10,000 mg/L. Moreover, the maximum flow scenario indicates that the clarifiers will be overloaded in all possible cases. Even if the SVI were to be somewhat lower, this would still be the case. 
OSP Clarifier Stress Test
Beginning on June 20, 2005, one of six operational secondary clarifiers was taken off-line. Based on average blanket height, MLSS concentration, and effluent TSS, the clarifiers appeared to stabilize after the first day of the test. As would be expected, the blanket heights rose as flow to the clarifiers (primary effluent) rose, although at no point did the blanket levels get high relative to the 16 foot depth of the clarifiers. Although the turbidity rarely exceeded 10 NTU, it did increase with increased flow. Additionally, after the first day of the test, when the system stabilized, the turbidity levels began to stabilize somewhat. The average SVI during this test was 247, based on samples collected twice daily.
The other solids sampling results are summarized in Figure 8 . An FSS value greater than 10 mg/L indicates either that dispersed growth is occurring due to a low MCRT or that deflocculation is occurring. In addition, because the DSS in is significantly greater than the FSS, this confirms that the mixed liquor is poorly flocculated as it enters the clarifiers. However, the fact that the FSS is greater than the ESS and the DSS eff indicates that the clarifiers are large enough that sufficient flocculation is being provided during this treatment stage. That the DSS in is greater than both the DSS eff and the ESS, and that the DSS eff is less than the ESS indicates that the secondary clarifiers provide good flocculation (despite the poorly flocculated condition of the mixed liquor entering the clarifiers), but that there were some hydraulic problems, no doubt resulting from the increased flow.
On the morning of June 27, an additional clarifier was taken off line, and the four clarifier stress test began. As with the five clarifier stress test, the average blanket height, mixed liquor TSS concentration, and effluent turbidity were all measured ( Figure 9 ). The average blanket height approximately doubled between the two stress tests, and changes in average blanket height seemed to be more sensitive to changes in flow than in the five clarifier test. The RAS rate was fairly constant until around noon on June 28 th , when WWE Operations decided to increase the RAS rate by bringing it up sharply, and then kept it around 35% for the remainder of the day. This had the effect of dropping the sludge blanket levels considerably. By June 29 th , the RAS rate was returned to around 30%, and the blanket levels began to rise again. The stress test was then cut short.
As with the five clarifier test, the turbidities rose and fell in correspondence with the flow. In addition, the secondary effluent turbidity rarely exceeded 10 NTU. Again, after the first day, the turbidity values were lower, and had begun to stabilize by the third day. The highest turbidity values were recorded around the peak flow on the second day of the test; turbidity values neared 20 NTU, which is approximately equal to a TSS value of 34 mg/L. Grab samples taken from the area adjacent to the effluent weir of the clarifiers were also analyzed for TSS. These are presented in Table 9 . As was observed with turbidity values, the highest values occurred during the morning peak flow on June 28 th . These TSS values are sufficiently high as to indicate that the clarifiers were severely stressed, though still in compliance with NPDES permit limits (weekly maximum TSS of 45 mg/L). It can also be observed that in terms of turbidity, Clarifier 3 appeared to be the most "stressed." As seen on Figure 8 , the RAS rate was increased on June 28 th in an effort to decrease some of the stress on the clarifiers. The system responded rapidly and effectively to this change in operation, as the TSS values dropped considerably by the afternoon of the 28 th . By the evening of the 28th, as flow decreased, the clarifiers stabilized.
Further information on solids dynamics in the system was gathered from the DSS, ESS, and FSS sampling. These results are summarized in Figure 10 and are similar to those for the five clarifier stress test. The FSS is greater than or equal to 10 mg/L and the DSS in is significantly greater than the FSS, indicating that the mixed liquor is poorly flocculated upon entering the clarifier. The fact that the DSS in is greater than both the DSS eff and the ESS, and that the DSS eff is less than the ESS indicates that the secondary clarifiers provide good flocculation, but that there were some hydraulic problems (probably largely due to the increased flow). The TSS and turbidity values, taken together with these results, may indicate that hydraulic problems resulted in increased solids in the effluent. For the system, the problems may simply be attributed to the increased flow through the clarifiers. Instabilities may also have resulted simply as a result of the transition from five to four clarifiers. During the five clarifier test, after the first two days, the turbidity values decreased and the highest values, which correlated with peak flow, were lower in the last two days of the test, once the system had stabilized. In addition, the blankets that developed during the stress test were thicker than is typical for OSP, so it is also possible that the scraper mechanism may have stirred up the blankets at the sampling point, affecting the results for that time interval. During previous tracer studies at OSP, some short circuiting and density currents were observed to varying degrees in all of the clarifiers. Some flow imbalance between the clarifiers was also noted, which may be why some clarifiers appeared more "stressed" than others.
SEP Clarifier Stress Test
The north side of the plant was kept fully operational while half of the clarifiers on the south side of the plant were shut down. Beginning in the early morning on December 6 th , 2005, four of eight operational secondary clarifiers on the south side were taken off-line. Data collection began at 8:50 AM and continued data collection efforts through 3:10 PM on December 7th. On the evening of the 7 th , it began to rain, and the test was terminated to allow for the possibility of increased flow through the plant.
Initially, very little effect was observable in the clarifiers. By the afternoon of December 6 th , however, pin floc could be seen at the scum baffles. This effect was the most pronounced on Clarifiers 12 and 16, which are located at the end of the mixed liquor channel that feeds the clarifiers. Occasionally, some grab samples collected for turbidity during the two-day test did have visible particulate matter, but for the most part, the samples were scarcely distinguishable from similar samples taken from the north side clarifiers. The position of the scum skimmer may have affected the quality of the samples.
The blanket heights rose as flow to the clarifiers rose, although at no point did the blanket levels get high relative to the 15 foot depth of the clarifiers. Turbidity levels, particularly during the higher flow periods, are elevated above normal levels. For reference, the average turbidity value of grab samples taken from the north side clarifiers was 4.5 NTU.
The overall effect of the stress test is demonstrated in Table 10 , which values for secondary effluent TSS and mixed liquor SVI on the north and south side of the plant for the week of the stress test. The two days of the stress test are highlighted. The TSS values on the south side were higher than those on the north side, but were not much outside the range of values seen that week. For example, on the 19 th , the effluent TSS value on the north side was 17.8 mg/L. The values on the south side were 15 and 20.3 mg/L on the 6 th and 7 th , respectively. SVI tends to vary day to day, so it is impossible to conclude any effect of the stress test on the SVI.
The solids sampling results are summarized in Figure 11 . An FSS value greater than 10 mg/L indicates either that dispersed growth is occurring due to a low MCRT or that deflocculation is occurring. In addition, because the DSS in is significantly greater than the FSS, this confirms that the mixed liquor is poorly flocculated as it enters the clarifiers. However, the fact that the FSS is greater than the ESS and the DSS eff indicates that the clarifiers are large enough that sufficient flocculation is being provided during this treatment stage. That the DSS in is greater than both the DSS eff and the ESS, and that the DSS eff is less than the ESS indicates that the secondary clarifiers provide good flocculation (despite the poorly flocculated condition of the mixed liquor entering the clarifiers), but that there were some hydraulic problems, no doubt resulting from the increased flow. For Clarifier 12, the ESS was nearly double the value of DSS out , which indicates that the wastewater in this clarifier did not have sufficient time to settle. It is possible that the flow distribution among the clarifiers is not exactly equal; unfortunately, individual flow meters for each clarifier do not exist. 
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BioWin™ Steady State Model
After all the required inputs were specified, the steady state simulation was undertaken. Overall, the Biowin TM model generated promising results when compared to the actual plant process data. Table 11 compares the historical and simulated outputs of effluent quality and sludge cake production. These figures demonstrate that despite errors in some day-to-day predictions, the model is generally able to accurately predict the longer-term variation over the three month period. At OSP, there are two possible reasons for the poorer correlations: 1) poor sludge settling ability in the existing clarifiers; 2) at OSP, foam events in digesters during the special sampling period lead to poor sludge dewatering so that higher TSS filtrate recycled back to primary influent. In addition, there is one general deficiency of the model in controlling the return activated sludge rate. It only can be flow paced with raw influent, while the actual plant is flow pacing with primary influent. To further evaluate the model performance, mass balance summary tables are presented as Tables 14 and 15 . With a lower volatile solid reduction percentage in Biowin TM as compared to plant data, Biowin TM has higher sludge cake production. All the results shown above are sufficient to conclude that the Biowin TM process simulator has accurately predicted the actual plant solids in longer-term runs. After model calibration was completed, the Biowin TM simulator was used to evaluate the ultimate secondary capacity of the plants. For OSP, the stress test was simulated using an average flow of 18.2 MGD for all runs. Five runs were performed with varying numbers of clarifiers in operation. The optimal capacity is determined and detailed in the table below. The results in Table 16 indicate that even with only three clarifiers in operation, OSP is still capable of maintaining good effluent quality. In the other words, with six clarifiers online, the plant is capable of treating an average of 36.4 MGD and a peak flow of approximately 54 MGD. The simulated results correlate well with the stress and sludge settling tests conclusions that have been described earlier in this report. For the fullscale stress test, with the SVI of 380, the four clarifiers were still underloaded and a minimum increase of 14.1 MGD was predicted. The stress test at SEP indicated that the plant could either operate with half the clarifiers on line, or a total flow of about 140 MGD. Model simulations at SEP began by running the plant at this
